Albumin and globulin proteins are dominant protein components in synovial fluid, and play important roles in the lubrication mechanism of joint prostheses. The present study investigated the lubricating ability of albumin and globulin on ceramic-on-polyethylene joint implants. A pin-on-disk tribometer was used for friction tests where the experimental condition was replicated with a simulated hip joint condition. The experiment was conducted under three lubricating conditions: bovine synovial fluid (BSF), albumin and globulin. Mechanical properties of specimens and physical properties of lubricant were measured before and after the tests. The experimental results show that albumin yielded a lower friction coefficient as compared to globulin.
INTRODUCTION
Friction and wear rate are major burdens to an implanted knee or hip prosthesis.
Artificial joint replacement restores patient mobility, and enables a comfortable and independent life (Ko, Wu, & Lin, 2013; Martins, Santos, Frizera-Neto, & Ceres, 2012; Myant, Underwood, Fan, & Cann, 2012) . The selection of materials for the prosthesis head and cup depends not only on mechanical and surface properties, but also on their protein adsorption characteristics (Mishina & Kojima, 2008) . Ultra high molecular weight polyethylene (UHMWPE) is mostly favorable to artificial joints because of its mechanical properties such as flexibility (important for avoiding stress shielding) and wear resistance (Goodman, Gómez Barrena, Takagi, & Konttinen, 2009) . UHMWPE is hydrophobic (Cho, Lee, & Kim, 2005; Kim, Jeon, Kwak, & Chae, 2012; King, Hanes, & Aust, 2005; Panjwani, Satyanarayana, & Sinha, 2011; Yim et al., 2013) , while ceramic is comparatively hydrophilic (Ding et al., 2010; Mittal, Jana, & Mohanty, 2011; Picard, Larbot, Tronel-Peyroz, & Berjoan, 2004) . Many researchers suggest the use of hydrophilic-hydrophobic material combinations as a sliding partner to achieve better performance in friction and wear (Heuberger, Widmer, Zobeley, Glockshuber, & Spencer, 2005; Lewis, 1997) .
The selection of proper lubricant to replicate the vivo conditions is very important to justify prosthesis joint materials (Ghosh, Choudhury, Das, & Pingguan-Murphy, 2014;  A. Wang, Essner, & Schmidig, 2004) . Synovial fluid is found to be the best lubricant for a natural hip or knee joint because it has unique lubricant properties that protect cartilage and bone surfaces from extremely high contact pressures during most human gaits. Albumin and globulin are abundant proteins in synovial fluid, which have significant influence on the lubrication mechanisms. Albumin protects joint from wearing of articular cartilage (Kitano, Ateshian, Mow, Kadoya, & Yamano, 2001; Trunfio-Sfarghiu, Berthier, Meurisse, & Rieu, 2007; ; while globulin plays also an important role in the boundary lubrication regime (Jay, Harris, & Cha, 2001; Klein, 2006; Tanimoto et al., 2011) . Furthermore, these protein component levels vary according to person, age, and presence of disease.
Although the methodology of tribology (in vitro) has improved a lot in recent years, artificial joints are found to be failing at 10-12% in vivo after 10-15 years of replacement (Anil et al., 2010; Fisher & Dowson, 1991; "NJR 10th Annual Report 2013 , National Joint Registry UK 2013 . A few researchers have worked on the effect of the biological components of synovial fluid on the implanted joints for obtaining better results. Gispert et al. conducted an experiment using a hydrophobic material (UHMWPE) on a hydrophilic (alumina) surface (Gispert, Serro, Colaco, & Saramago, 2006) . There was a decrease in friction coefficient for the lubricant bovine serum albumin (BSA) with Hank's balanced salt solution (HBSS) when compared to HBSS.
When hyaluronic acid (HA) was used without BSA, the polymeric film transfer was observed in these material combinations, causing an increase in wear rate. However, the film transfer stopped when the metallic surface came in contact in the presence of albumin (Gispert et al., 2006) . This happens because albumin is a soft protein, and it denatures easily with a little rise in temperature. This type of denatured protein forms a less stable adsorbed layer on a considerably more hydrophilic (alumina) surface (Gispert et al., 2006; W. Wang, Nema, & Teagarden, 2010) . As a result, although albumin was added, the film transfer was not stopped in case of alumina. Further, the polymeric film transfer was more severe when protein was added to the lubricant. It was found that when two AISI stainless steel and Cobalt-chromium-molybdenum (CoCrMo) alloys were used with UHMWPE, there was no change in wear mechanism and the polymeric film transfer rate for different material combinations in the absence of BSA in the solution. On the other hand, Myant et al. used globulin as lubricant and found the highest film thickness (Myant et al., 2012) . It is evident that globulin provides better performance in lubrication between contact surfaces.
Water or bovine serum in tribology test was used previously as a lubricant (Covert, Ott, & Ku, 2003; Heuberger et al., 2005; McCann et al., 2008; Roy, Choudhury, Ghosh, Mamat, & Pingguan-Murphy, 2014; A. Wang et al., 2004) . However, the composition and concentration of synovial fluid and bovine serum was not the same. According to author's best knowledge, no study has been conducted so far considering the effect of the composition of OA patient synovial fluid, which is generally found to be 18 to 20 mg/ml and 30.6 to 31.8 mg/ml in normal and OA patient synovial fluid respectively (A. Wang et al., 2004) . The aim of this study is to compare the lubricating ability of albumin and globulin on ceramic-on-polyethylene hip joint implants considering protein concentration of OA patient-like synovial fluids for investigating the surface chemistry of these body fluids.
MATERIALS AND METHODS

Material Preparation
The synovial fluid was collected from bovine metacarpal joints that were bought from the local slaughterhouse. Lubricant BSF was used as an ideal fluid that is normally found in synovial joint. Bovine albumin (MP Biomedicals, U.S.A. # 0332) and bovine γ-globulin (Sigma, US # G5009) were commercially obtained. The powder forms of albumin and globulin were dissolved in phosphate buffered solution (PBS) (SigmaAldrich # 4417) at a concentration of 30.7 mg/ml. The concentration and properties of the lubricant are shown in Table 1 .
The specimens used were commercial alumina (99.6% Al2O3) from AdValue Technology Tucson, USA and UHMWPE from Good Fellow Cambridge Ltd, UK. Alumina (Al2O3) was used as a disk with the size of 15 mm × 15 mm × 6 mm and UHMWPE was used as pin with the size of 6.35 mm (diameter) × 6 mm (length). The Al2O3 disk specimens were polished with diamond polishing agents in five consecutive steps to achieve the surface roughness (Ra) below 0.3 µm. A diamond grinding disc (30 μm) was used at the first step and then diamond polycrystalline suspensions (DPS) were used for further polishing, followed by 9 μm, 6 μm, 1 μm and 0.05 μm size. Surface roughness was measured by a mechanical surface profiler (Mitutoyo sj210, USA).
Hardness and modulus of elasticity of the specimens were measured by a dynamic ultra micro hardness tester (Shimadzu DUH-211/DUH-211S). The dimensions, hardness, elasticity and roughness of solid materials are shown in Table 2 .
Tribology Test
Tribology tests were carried out in a pin-on-disk tribometer (TR 283 Series, DUCOM, Bangalore, India). Figure 1 represents the tribometer and experimental set-up for friction testing. In order to identify the individual effect of albumin and globulin, a UHMWPE pin was rubbed against Al2O3 fixed disk surfaces. The pin was moving in a reciprocating direction over the disk surface, where a pin was located in a metallic pin holder and a disk was below the pin housing. A load sensor gives the frictional force data via WinDucom software installed in computer. From the frictional force, friction coefficients were measured for the different experimental conditions. Total running time for each loading condition was 60 min. Three types of load were applied: 10 N, 15 N, and 20 N, at a sliding speed 20mm/s. The applied load was calculated based on hertz contact pressure that represents simulated hip condition in medium walking gait cycle (Roy, Choudhury, Bin Mamat, & Pingguan-Murphy, 2014) . Normally, pressures in a diarthrodial joint are around 5 MPa, and can be as high as 18 MPa (Hodge et al., 1989; Hodge et al., 1986) . The contact pressure for artificial joints depends on modulus of elasticity of the material, contact area and applied load. Our estimated maximum contact pressure was 16.08 MPa for 20 N load that lies in the range of hip joint load condition.
In recent studies, Roy et el. applied same loads 10, 15 and 20 N in their tribology test for hip joint condition (Roy, Choudhury, Bin Mamat, et al., 2014; Roy, Choudhury, Ghosh, et al., 2014) . Our experiment was conducted at body temperature of 37 ºC.
Under given experimental conditions, each test was replicated three times. The experimental conditions are presented in Table 3 . Statistical analysis was performed by IBM SPSS statistics 21 software to identify whether there was any significant difference in friction coefficient value for the different lubricants.
Physical Property Measurement
The p H value of each lubricant was measured by using a p H meter (AB15 Fisher scientific Ltd.), while viscosity was measured by Brookfield Viscometer -LV (DV-11+ Pro EXTRA). Both the p H value and viscosity were measured at, prior to, and after test conditions. The measurement was repeated 5 times for each lubricant for better accuracy.
Wear Analysis
Prior to and after friction test, every sample was cleaned in ultrasonic cleaner in isopropanol for 10 minutes to wash out the generated wear debris. Furthermore, the specimens were dried at environment with controlled humidity and temperature for 48 hours to make sure that there was no weight gain due to lubricant contamination. The weight of the pin and disk was measured before and after friction tests by a digital balance (Oertling VA304) than can measure up to 0.01 mg ± 0.005 for obtaining the weight loss due to friction. Thus, the wear rate of the disk was calculated from the weight loss of the sample. The surface morphology at different load was observed before and after friction tests by using a field emission scanning electron microscopy ((FESEM), (AURIGA, Zeiss, Singapore). The wear debris generated due to friction was collected from lubricants for characterization. Initially, the lubricant was passed through an ultrasonic bath for homogenous mixing of lubricant and wear debris. Then, a drop of lubricant was dropped on a plate and dried for 24 hours. Finally, the wear debris was structurally analyzed under the FESEM mentioned above.
RESULTS AND DISCUSSION
Tribological Performance
The friction coefficient is the dominant factor in determining the tribological performance of lubricants. The low friction coefficient value is desirable for artificial joint implants, which is obtained during sliding of two contact surfaces. The average value of friction coefficient of the three kinds of lubricants at loads of 10N, 15N and 20 N are presented in Figure 2 .
It is clearly demonstrated that the friction coefficient increased with increase in load for all kinds of lubricants. This may be attributed to increase in contact area with increase in load. The more the contact surface area, the higher will be resisting force between the tribopairs (Autumn et al., 2000; Roy, Choudhury, Bin Mamat, et al., 2014; Sharma, Langrana, & Rodriguez, 1995; Zavareh, Sarhan, Razak, & Basirun, 2015) . Still, the effect of lubricant makes the difference in friction coefficient value based on their lubricating ability. It is found that globulin exhibited the highest friction coefficient, while BSF provided the lowest for every loading condition. Moreover, it is found that a lower friction coefficient is exhibited by albumin as compared to globulin for all experimental conditions. It confirms the better lubricating ability of albumin compared to globulin. Albumin is a soft protein and adsorbs more on the hydrophilic-hydrophobic combination surface that forms a stable layer between the contact surfaces Heuberger et al., 2005) . In addition, statistical analysis results also show that there is a significant difference (p<0.05) in friction coefficient value for different lubricants. At higher loads 15 N to 20 N, the friction coefficient increased dramatically, but still, lubricants provided significant difference (p<0.05).
There was a time varying nature found in friction results based on materials. Figure 3 represents the variation of friction coefficient of three kinds of lubricant with the number of cycles at sliding speed of 20 mm/sec and applied load of 15N. It is found that the friction coefficient was higher at the initial stage of the test. It may be attributed to the sharp edges of the pin material. Figure 3 shows that BSF exhibited stable waves with the passage of time in friction value, whereas albumin and globulin provided unstable value over the number of cycles and likely to increase with the increase in number of cycles. It can be explained by the generation of wear debris due to friction between ceramic and UHMWPE material, which contributed to the increasing friction value after a certain running period of friction test. . Furthermore, hyaluronic acid has ability to increase the viscosity of synovial fluid that can protect to come in contact of two bone surfaces (Endre A Balazs, 1982; Endke A Balazs, Watson, Duff, & Roseman, 1967; Schurz & Ribitsch, 1987; Trunfio-Sfarghiu et al., 2007) . Thus, it can contribute in reducing the friction value. In present study, friction coefficient was found to be lower for BSF due to its higher viscosity.
Physical Properties of Lubricants
Wear Analysis
The wear rate is the main concern in designing artificial joint implants. The useful life of joint implants depends on wear rate of implant materials. However, previous research showed that wear rate is linked to the friction coefficient (Al Mahmud et al., 2014; Ateshian & Mow, 2005; Gispert et al., 2006; Mischler & Munoz, 2013) . The wear rate can be minimized by maintaining low friction between the tribopairs. In this study, similar trends of increasing wear rate with friction value as well as load were observed.
Ceramic disk material was comparatively harder than UHMWPE pin material and no wear was found on disk materials after test. The percentage of weight loss for pin material was calculated by measuring weight prior and after tribology test. The percentage of weight loss for pin materials at different load conditions is presented in figure 4 . The weight loss increased with increase in load. The wear rate was higher for globulin at all loads. Ability to withstand load was comparatively lower for globulin lubricant when compared to albumin and BSF.
FESEM image reveals the surface morphology of pin and disk and compares the surface between before and after the friction test. Figure 5 shows that no wear sign marked on Al2O3 disk. As, Al2O3 is harder than UHMWPE materials, when UHMWPE rubbed against Al2O3, some wear signs were observed on UHMWPE pin surfaces. The wear signs of the UHMWPE pins is presented in figure 6 . It is observed that the pin material was quite rough before the friction test and pin surfaces became smoother after the friction test due to the wear of material caused by friction. The maximum wear occurred in presence of globulin lubricant that was confirmed by smoother surface after the friction test. Globulin provided the highest friction coefficient, thus its surface became most smooth due to wear. The same trend was also observed for albumin and BSF.
Wear is a complex mechanism. It occurred by progressive loss of materials from contacting surfaces in reciprocating motion. The generated wear debris or abrasive particles accumulated in the lubricant and thus, it contributed to more abrasive wear in contact area. Moreover, harder ceramic material addressed on softer UHMWPE material. Since asperities exist in every engineering surface even after sophisticated polishing, thus, there is more possibility of two-body abrasion. It can be predicted that abrasive wear occurred due to the accumulation of wear debris independently under each type of lubricant. The same phenomenon of abrasive wear was found in previous studies where the produced wear debris was considered as a main contributor in enhancing the wear rate under different lubricant conditions (Gispert et al., 2006; Kovalchenko, Ajayi, Erdemir, & Fenske, 2011; Liu et al., 2006; Williams & Hyncica, 1992; Xiong & Ge, 2001 ).
The wear debris generated by friction is presented in figure 7 . The nano particle size wear debris was collected from lubricants before observation under FESEM. Wear debris was found for UHMWPE, because ceramic is harder than UHMWPE. As a result, wear debris was generated by wear of the pin material.
The tribological performance of artificial joint implants can be affected by wear debris.
More wear debris was produced when wear rate was higher that contributed to degraded friction results. In present study, less weight loss was gained under BSF lubricating conditions and the friction coefficient profile was found to be quite stable. By contrast, an unstable friction coefficient profile was found both for albumin and globulin. This result predicts that wear debris may be added to lubricants after a certain running period and increases the friction coefficient.
CONCLUSION
The study provides a fundamental opportunity to investigate the lubricating ability of albumin and globulin on artificial joint implants from a tribological perspective. The key findings of this research are as follows:
 The difference in lubricating behavior is attributed to the relative adsorption of albumin and globulin in different material combinations, which may be sensitive to surface chemistry.
 Albumin formed a stable layer in contact area of hydrophobic-hydrophilic material combinations. Therefore, albumin provided a lower friction coefficient and wear sign than that obtained from globulin.
 BSF was found to be maximum in physical properties. Hence, it showed the lowest friction coefficient. However, Pre and post tribology test lubricant properties were found to be approximately similar.
 The friction coefficient and wear rate increased with increase in load where the differences in friction and wear values were significant perspective to different lubricants.
 FESEM image revealed the wear track differences on UHMWPE pin materials under different lubricants and the morphology of nano size wear debris.
 Patient based implant design is recommended depending on the biological components of synovial fluid. Further studies could be conducted considering all major biological components of synovial fluid.
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